Mutations in ROR2, encoding the receptor tyrosine kinase-like orphan receptor 2, cause two distinct skeletal diseases: autosomal dominant brachydactyly type B1 (BDB1) and autosomal recessive Robinow syndrome. In a large Chinese family with a limb phenotype, consisting of atypical BDB1 and cutaneous syndactyly of varying degrees, we performed a two-point linkage analysis using microsatellite markers on 2q33-q37 and 9q22.31, and found a significant linkage to the ROR2 locus. We identified a novel single-base deletion in ROR2, c.2243delC (p.W749fsX24), and confirmed its segregation with the limb phenotype in the family. This deletion is predicted to produce a truncated ROR2 protein with an additional C-terminal polypeptide of 24 amino-acid residues. To the best of our knowledge, the deletion represents the second ROR2 mutation associated with a BDB1-syndactyly phenotype. Keywords: brachydactyly type B1; deletion; ROR2; syndactyly
INTRODUCTION
The human ROR2 gene, encoding the receptor tyrosine kinase-like orphan receptor 2, maps to chromosome 9q22.31, contains nine exons and spans a genomic length of approximately 228 kb. Mutations in this gene can cause two distinct allelic skeletal diseases. 1 Heterozygous gain-of-function mutations in ROR2 are responsible for the autosomal dominant brachydactyly type B1 (BDB1; MIM 113000), whereas homozygous loss-of-function mutations in ROR2 lead to autosomal recessive Robinow syndrome (MIM 268310). [2] [3] [4] [5] BDB1 is the most severe type of human brachydactylies, and shows high penetrance and variable expression. Hypoplastic or absent distal phalanges and nails of digits 2-5 in the hands and feet are cardinal phenotypic features of BDB1. The middle phalanges of digits 2-5 are usually short and may form a bony fusion with the corresponding hypoplastic distal phalanges. The deformed thumbs are often flat, broad or bifid. A rarer feature of BDB1 is cutaneous syndactyly affecting both fingers and toes. 2 In contrast, Robinow syndrome presents with short stature, short limbs, brachydactyly, hemivertebrae, rib fusion, genital hypoplasia and a characteristic facial appearance. 4, 5 Many ROR2 mutations have been reported in patients with BDB1 and the autosomal recessive form of Robinow syndrome. [1] [2] [3] [4] [5] [6] [7] [8] However, only the c.2249delG (p.G750fsX23) mutation was found to cause atypical and severe BDB1 associated with cutaneous syndactyly. 2 Here, we report a new single-base deletion of the ROR2 gene in a large Chinese family with the BDB1-syndactyly phenotype.
MATERIALS AND METHODS
We ascertained a large Chinese family with atypical BDB1 and cutaneous syndactyly of varying degree. The family had 12 affected individuals in three generations ( Figure 1a ) and 10 of them were said to have ''shortened and webbed fingers and toes'' by their family members. Five affected individuals were physically examined, and digital photographs were taken. Radiographs of the hands and feet were taken for the proband and her father (III-6 and II-6) ( Figure 1a) . The proband showed hypoplastic distal phalanges of digits 2-5 of the hands and feet and marked hypoplasia of the third toes (III-6, Figure 1b) . All the other four affected individuals had bilateral syndactyly, more marked hypoplastic distal phalanges and absent nails of fingers 2 and 5, and flat and broad thumbs (Figure 1b) . Among them, three displayed cutaneous syndactyly of fingers 3-4, two of which also had syndactyly of toes 2-3 or 2-4 (II-6 and II-14, Figure 1b) , and one exhibited cutaneous syndactyly of fingers 2-4 and toes 2-3 or 2-4 (II-2, Figure 1b) , closely resembling the syndactyly pattern described earlier in the Portuguese family with the c.2249delG mutation of ROR2. 2 On X-ray examination, the proband was found to have bifid distal phalanges of the thumbs, hypoplastic distal phalanges of fingers 2-4, with distal symphalangism of fingers 2 and 3, absent distal phalanges of finger 5 and biphalangeal toes 2-5 (III-6 in Figure 1c ). In addition to the biphalangeal toes 2-5, the father showed bifid distal and broad proximal phalanges of the thumbs with symphalangism, less marked hypoplastic distal phalanges of the syndactylous fingers 3-4 and absent distal phalanges of finger 5, with more marked hypoplastic middle phalanges (II-6 in Figure 1c ).
We collected blood samples and extracted genomic DNA from 14 family members, including six affected individuals ( Figure 1a) , with informed consent from all participating family members. For linkage and haplotype analysis, we selected 14 polymorphic microsatellite markers, including 11 from chromosome 2q33-q37 (D2S2979, D2S2322, D2S334, D2S1345, D2S2382, D2S301, D2S1323, D2S279, D2S1363, D2S345 and D2S140) and 3 from chromosome 9q22.31 (D9S1815, D9S1781 and D9S1841). We carried out two-point linkage analysis as described earlier. 9 For mutation detection, we PCR-amplified ROR2 exons 8 and 9 and their flanking intronic sequences using the primer pairs ROR2E8F (5¢-GGTTGGTAGAGAACTTAGAGT-3¢)/ROR2E8R (5¢-ATAATTATG TGCTATGTATCAAG-3¢) and ROR2E9F (5¢-TAACTAGAGAGCTGTGGGTG-3¢)/ ROR2E9R (5¢-GCTGAGTATGGTGTCTTCTC-3¢). The PCR products were then subjected to automatic sequencing after purification. To detect the c.2243delC mutation, the PCR amplicons generated with primers ROR2delF (5¢-TCTTCAGCTACGGCCTGCAG-3¢) and ROR2delR (5¢-CCCGAGGTCTG CGCCGAACT-3¢) were digested with restriction enzyme AluI and separated by agarose gel electrophoresis. All available family members and 108 unrelated normal controls were included in the AluI restriction analysis.
RESULTS AND DISCUSSION
The above-mentioned atypical BDB1 family also displayed a syndactyly phenotype mimicking syndactyly type I (SD1; MIM 185900), which has been mapped to chromosome 2q24-q36. 10,11 Therefore, we first typed genetic markers on 2q33-q37 and 9q22.31 to map the disease locus. Our two-point linkage analysis yielded a maximum logarithmic odds score of 2.71 at y¼0 for markers D9S1815 and D9S1841, supporting a significant genetic linkage of the limb phenotype to the ROR2 locus on 9q22.31 (see Supplementary Table 1) . We then screened the last two ROR2 exons for pathogenic mutations in the proband. We identified a heterozygous single-base deletion, c.2243delC, in ROR2 exon 9 (Figure 2a) . This deletion created an AluI restriction site in the mutant allele. Using primers ROR2delF and ROR2delR, a PCR fragment of 235 bp was first produced and then digested with the AluI enzyme. The fragment can be cut into two fragments (190 and 45 bp) in the mutant but not in the wild type. By restriction analysis using the AluI enzyme, we confirmed the mutation in all available affected individuals of the family but did not detect the mutation in unaffected family members (Figure 2b ) or in 108 unrelated normal controls. The c.2243delC mutation, also designated p.W749fsX24 at the protein level, is predicted to result in a frameshift, producing a truncated ROR2 protein with an additional C-terminal polypeptide of 24 amino-acid residues (Figure 2c ). Taken together, our results strongly support a causal relationship between the c.2243delC (p.W749fsX24) mutation in ROR2 and the BDB1-syndactyly phenotype in this large Chinese family. I   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19   21  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4 To date, eight different pathogenic ROR2 mutations have been reported in a total of 14 families with BDB1. [1] [2] [3] [6] [7] [8] These mutations are believed to have a specific gain-of-function effect, not a simple haploinsufficiency. 1, 3 All the documented BDB1-causing ROR2 mutations are nonsense or frameshift and are located in the last two exons or in the last intron, 1-3,6-8 enabling the mutant mRNAs to escape degradation by nonsense-mediated decay. 12 The five distal mutations clustered between the intracellular tyrosine kinase domain and the first serine/threonine-rich domain cause a more severe phenotype. 2, 3, 6, 8 It is worth noting that the three distal ROR2 mutations, c.2246G4A (p.W749X), c.2247G4A (p.W749X) and c.2249delG (p.G750fsX23), have been shown to be associated with BDB1 phenotypes of different severity. 2, 6 Whereas the W749X-truncated ROR2 protein has been linked to typical BDB1, 2,6 the G750fsX23 mutant has been documented in the Portuguese family, with both of the two affected individuals showing an atypical BDB1 phenotype with cutaneous syndactyly of digits 2-4. 2 Interestingly, the G750fsX23 mutant ROR2 protein has an additional C-terminal polypeptide of 23 amino-acid residues that are identical to the last 23 residues of the W749fsX24 mutant described in this study (Figure 2c ). Given the fact that the c.2243delC (p.W749fsX24) and c.2249delG (p.G750fsX23) mutations lead to a very similar BDB1-syndactyly phenotype and produce two mutant ROR2 proteins with identical extra polypeptides at their C-termini, it is conceivable that the additional C-terminal peptide in the mutant ROR2 proteins might contribute to the syndactylous phenotype.
II
Unlike brachydactyly type B2 (BDB2; MIM 611377) caused by mutations in NOG, 13 cutaneous syndactyly has been less frequently observed as an additional phenotypic feature in BDB1. In four different BDB1 families with the c.2265C4A (p.Y755X) ROR2 mutation, only one of the 24 examined patients was reported to have unilateral cutaneous syndactyly of fingers 3-4. 2, 8 We also examined 25 affected individuals in a large Chinese BDB1 family with the c.2246G4A (p.W749X) ROR2 mutation, and found one with unilateral cutaneous syndactyly of fingers 3-4 and one with bilateral cutaneous syndactyly of toes 2-3 (data not shown). In marked contrast, 10 of the 12 affected individuals in the Chinese family described in this study showed cutaneous syndactyly. Together, these observations strongly support the possibility of a genotype-phenotype correlation in BDB1 with or without additional syndactyly. A novel ROR2 mutation in atypical BDB1 D Lv et al
